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ABSTRACT 
Unsaturated and trans fatty acids have been proven to contribute to negative health 
effects such as cardiovascular diseases. There is a demand for healthier alternatives that 
mimic similar properties in bakery applications. Oleogels, composed of beta-sitosterol (BS) 
and gamma-oryzanol (GO) in vegetable oil, have recently been studied as a healthy 
alternative. Previous research focused on the development of a gel consisting of low 
concentrations of sterol mixtures. The goal of this research was to characterize the physical 
properties of phytosterol oleogels (POs) composed of high concentrations of sterol mixtures 
(10-20%) in liquid soybean oil. Samples with different BS:GO ratios were prepared and 
characterized. Furthermore, three different cooling rates (2, 5, and 20°C/min) were applied 
during the cooling process to influence the properties of POs. Appearance of POs was 
observed using a colorimeter. The ability of the oleogel to retain liquid oil over time was 
determined through oil migration analysis. The effect of sterol concentration on crystal 
structure was analyzed using differential interference contrast (DIC) microscopy. Solid fat 
content (SFC) of oleogels at various sterol concentrations was determined by proton nuclear 
magnetic resonance (1H NMR) spectroscopy. Additionally, the mechanical properties of 
oleogels were studied through small deformation rheology. Some compositions of 
phytosterol oleogels (POs) that had greater gelation properties displayed promising results 
for future use as a desirable substitute for hydrogenated oils. The sterol concentration, ratio 
of GO to BS, and cooling rate had a large effect on the physical properties of POs. 
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CHAPTER I 
 INTRODUCTION 
 
Thesis Organization 
This thesis begins with a review of literature on cardiovascular diseases as related to 
trans fatty acids and saturated fats, oleogels and its novelty as a cooking alternative to trans 
and saturated fats, the components that make up phytosterol-oryzanol oleogels, and previous 
studies on oleogels. Two manuscripts are included in this thesis. Manuscript authors are part 
of the Department of Food Science and Human Nutrition. Dr. Acevedo is the author for 
correspondence for both manuscripts. This thesis ends with a conclusion and 
recommendation for future work. 
 
Literature Review 
Issues with cardiovascular diseases 
According to the 2012 World Health Organization (WHO) global status report on 
noncommunicable diseases, cardiovascular diseases (CVD) are the most common cause of 
death every year.1 The WHO estimation of deaths caused by CVD in 2012 was up to 17.5 
million deaths, which was 30% of all global deaths in the year of 2008. The number of deaths 
from CVD is estimated to increase to 23.3 million in 2030.1 Beyond the cost of death, CVD 
are also considered an economic burden. In 2011, Centers for Disease Control and 
Prevention (CDC) reported that the CVD cost $108.9 billion in the United States. For every 6 
dollars spent for health care in the US, 1 dollar is used for CVD.2  
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Cardiovascular diseases caused by trans fatty acids and saturated fats 
CVD include different groups of diseases caused by various disorders of the heart and 
blood vessels. Among those groups, atherosclerotic disease, which includes coronary heart 
disease and cerebrovascular disease, is responsible for the majority of CVD; 7.3 million 
deaths for coronary heart disease and 6.2 deaths for cerebrovascular disease.3 By the 
definition of WHO,3 coronary heart disease is the disease of the blood vessels that supply 
blood to the heart muscle, and cerebrovascular disease is the disease of blood vessels that 
supply blood to the brain. Coronary heart disease leads to heart attack, and cerebrovascular 
disease leads to stroke. Atherosclerotic disease is caused by atherosclerosis, the process of 
fatty materials and cholesterol building inside the lumen of medium and large-sized blood 
vessels. Those build-ups (plaques) narrow the blood vessels which make it hard for blood to 
flow. When the plaque ruptures inside the blood vessels, a blood clot is formed, causing heart 
attack or stroke.4  
Unhealthy diets, particularly those which include the high consumption of saturated 
fats and trans fatty acids is one of the risk factors of CVD.5-8 Recently, saturated fats have 
been stated as non-atherogenic by some researchers in the field through a serial of 
investigations. However, it is still a controversial decision as those few supportive studies 
cannot outweigh hundreds of researches which have been studied and proven for decades the 
harm of saturated fats to human health.9 Regardless, saturated fats contribute to the over-
calorie consumption that leads to obesity which is one of the causes for CVD. Trans fatty 
acids induce the production of more cholesterol;5 a third of global cardiovascular disease is 
caused by high cholesterol.3 Therefore, eliminating the consumption of trans fatty acids and 
minimizing the consumption of saturated fats are solutions to preventing CVD. 
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The negative health effects of trans fatty acids are confirmed by the Joint WHO/FAO 
Expert Consultation on Diet, Nutrition and Prevention of Chronic Disease.1 Trans fatty acids 
increase the production of high density lipoprotein cholesterol and lower the production of 
high density lipoprotein; the result enhances multiples cardiovascular disease risk factors.5 
The effects of trans fatty acids in partially hydrogenated vegetable oils on blood lipids and 
lipoproteins were observed by series of studies7, 10 in controlled trials.  The study concluded 
that the consumption of trans fatty acids from partially hydrogenated vegetable oils 
contributes adversely to cardiovascular disease risk factors. Even though the ruminant trans 
fatty acids cannot be removed completely from the diet, their intake was low enough that it 
did not contribute to coronary heart disease risk factor. In contrast, industrial trans fatty acids 
were observed to induce the increase of low density lipoprotein cholesterol and led to 
significant risk factor for cardiovascular disease. Trans fatty acids from partially 
hydrogenated vegetable oils are called industrial additives and are not recommended for use 
in food services, restaurants, and food and cooking fat manufacturing.10 Mozaffarian et al.7, 10 
found that replacing partially hydrogenated vegetable oils in the diet with other alternative 
types of fats and oils can substantially reduce risk of coronary heart disease. WHO Scientific 
Update on TFAs pronounced that eliminating partially hydrogenated vegetable oils 
containing trans fatty acids should be considered as the removal of hazardous materials. The 
act should be addressed just like risk management models used for other food safety issues.3 
In summary, removing partially hydrogenated vegetable oils that contain trans fatty acids has 
been described as one of the most straight forward methods to improve the diet and decrease 
the risk of noncommunicable diseases including cardiovascular disease. 
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Importance of fats and oils in human diet and food industry 
Fats and oils have been an essential element in human diet since prehistoric times as 
they are a rich source of energy (9 kcal/g) and essential fatty acids. Furthermore, fats and oils 
help carry important water-insoluble substance in the human body, such as fat-soluble 
vitamins, phytosterols, beta-carotene, lutein, and many other substances.11 Nowadays, fats 
and oils play an important role in the food industry as their physical properties impact food 
products; they contribute to the flavor, texture, lubricity, and satiety of food.12-15 Artificial 
trans fats are inexpensive and provide long shelf life, stability of food and desirable textures. 
Artificial trans fatty acids and saturated fats are mostly found in partially hydrogenated oils, 
vegetable shortenings, stick margarine, fast food, ready-to-eat frosting, spreads, savory 
snacks, and frying and baking products.16 To avoid trans fats and minimize the intake of 
saturated fats, the concept of structuring oils that can carry the characteristics of solid 
crystalized fats has been very active since the last recent years.17  
 
Novel cooking alternative to eliminate trans fatty acids and minimize saturated fats 
The novel, solid fat-like oil gels, referred as oleogels, are made from edible 
components and are structured to perform with similar properties to solid fats. The science 
behind oleogels is that the physical properties of liquid oils are changed by molecular 
interactions with other components that decrease the fluidity and imitate the rheological 
characteristics of solid fats. Thus, oleogels have an oil liquid phase but possess solid-like 
behavior. Different building blocks are found in various oleogels such as crystalline particles, 
crystalline fibers, polymeric strands, particle-filled networks, and liquid crystalline 
mesophases.17 The strategies to construct oleogels from liquid oils have been studied with 
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various edible components including monoacylglycerides, wax esters, lecithin and sorbitant 
tristearate, phytosterols and oryzanol, long chain fatty acids, fatty alcohols, and their 
mixtures. These compounds provide different gel structures and behaviors; some only form 
weak gels, but some have turned out to be potential edible gelators.18-25 
The application of oleogels has great potential in food, pharmaceutical, cosmetics, 
and petrochemical industries. With the ability to behave as solid-like oils, oleogels can be 
used in various purposes in the food industry with a large contribution to health aspects, 
especially in eliminating trans fats and minimizing saturated fats.17 
Among the aforementioned gelators, the mixture of phytosterols and oryzanol has 
been one of the most exciting strategies.17 Phytosterols and oryzanol can self-assemble into 
fibrillar network which can be described as liquid oil entrapped in crystalline fibers. Beta-
sitosterol (phytosterol) and gamma-oryzanol (oryzanol) have been reported to form firm gels 
at wide range of sterols mixture concentration as well as at different ratios of beta-sitosterol 
and gamma-oryzanol.24-33 
 
Oleogels 
The definition of a gel was described by Jordan Lloyd,34 “If it looks like Jello, it’s a 
gel.” One of important features of a gel is that it has to be solid-like in its rheological 
behavior even though its composition is mostly liquid.35 Oleogels can be created by different 
strategies, so oleogels can be grouped under different categories depending on their 
compositions and building blocks.17, 18 
6 
 
There are different ways to categorize oleogel formation systems. Marangoni and 
Garti17 grouped oleogels in five different categories: crystalline particles, crystalline fibers, 
polymeric strands, particle-filled networks, and liquid crystalline mesophases. 
Oleogels under the crystalline particles category are formed by liquid triacylglycerol 
(TAG) which is trapped inside the network of crystalline TAG particles. The mechanical 
properties of these oleogels depend on the size, shape, and interaction between the crystal 
particles. Some of the common oleogelators in this category are diacylglycerols (DAG), 
monoacylglycerols (MAG), fatty acids, wax esters/sorbitan monostearate, ceramides, and 
lecithin/sorbitan tristearate.22, 36-39  
The crystalline fiber category of oleogels include gelators that are low in molecular 
weight and are able to self-assembled into fibrillar networks.24, 35 In this category, gelators 
form crystalline fibers that are helical and twisted in shape and are as small as hundreds of 
micrometers.23, 39  
Oleogels can be formed by biopolymers such as cellulose, starch, gelatin, and others. 
Even though these gelators are able to form a gelling system, the potential of these types of 
gels in food application is weak in food application.17 
Particle-filled networks are formed when the continuous liquid phase is filled with 
solid or liquid particles. The requirement for this type of network to form is that the 
solid/liquid particles have to serve as inert particles and have to be present in large 
concentrations. When those particles pack and go beyond the close packing fraction, the 
network is formed by the mechanical contact between them. The network forms a suspension 
system when the inert particles are solid, yet forms an emulsion when the inert particles are 
liquid. One of the best examples for this type of network system is peanut butter, where 50% 
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of the system is solid non-fat particles dispersed in peanut oil. Due to the requirement for 
high concentration of inert particles, this type of oleogel is not applicable for many food 
products.38 
Liquid crystalline mesophase system is another type of oleogel network. The system 
is formed by the scaffolds in the oil; those scaffolds have oil as continuous phase and with 
liquid crystals space in the continuous phase. Liquid crystals are defined to be in a state 
between solid and liquid crystals.17  
Marangoni and Garti17 also stated that some of the most promising food-grade oleogel 
systems are monoacylglycerides, wax esters, lecithin and sorbitan tristearate, long chain fatty 
acids, fatty alcohol and their mixtures, and phytosterols and oryzanol. Those oleogels are 
promising as they are edible, and have an ability to form stable gels. 
As stated above, oleogels consisting of phytosterol and oryzanol are considered as one of the 
most promising systems of food-grade oleogels.17 This research will be focusing on the 
formation and characterization of oleogels consisting of beta-sitosterol and gamma-oryzanol 
in soy oil. The main goal is to incorporate high amount of phytosterol in oleogels in order to 
reach the health benefits of reducing blood cholesterols from phytosterols. Also, different 
compositions of phytosterol oleogels will be analyzed to look for the comparable 
characteristics to commercial shortening. Currently in the market, phytosterol enriched foods 
are available; however, the amount per serving is low (around 0.7 g per serving). Phytosterol 
enriched margarine or low fat spread contained about 0.7 g per serving.40 Therefore, the 
current phytosterol enriched foods do not provide enough phytosterol for the 
recommendation intake of 1 to 3 g per day in order to reach the health benefit of reducing 
blood cholesterol. In this research, the amount of phytosterol incorporated in POs range from 
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0.8 to 2.7 g per serving, which fulfill the recommended intake of phytosterol in order to reach 
the benefit of reducing blood cholesterol.   
 
Beta-sitosterol 
Phytostetols are known as plant sterols and are commonly found exclusively in plants 
and vegetables.41, 42 Phytosterols have similar biological function and structure to cholesterol 
except that they contain a methyl or ethyl group at C-24. The general structure of 
phytosterols includes a steroid skeleton which normally consists of 4 rings and an aliphatic 
side chain. From the A-ring of the steroid skeleton, a hydroxyl group is attached to C-3 atom, 
and from the D-ring there is the aliphatic side chain at C-17. In the B-ring, a double bond is 
found between C-5 and C-6.40, 43  
Some of the commonly known phytosterols are sitosterol, campesterol, and 
stigmasterol.44 Phytosterols have proven to reduce blood cholesterols as they have the ability 
to prevent dietary cholesterol from being absorbed in the small intestine.45-47 Studies also 
provide evidence of the anticancer effect and antioxidant activity of phytosterols.48-52 
Phytosterols are approved as a food ingredient in many countries; in the United States, 
phytosterols are considered as GRAS (Generally Recognized As Safe) by FDA.40  
The enrichment of phytosterols in food products is encouraged by the Scientific Committee 
on Food (2003).53 Woyengo et al.48 reviewed the anticancer effect of phytosterols, and there 
is evidence that phytosterols contribute to inhibit the development of different types of 
cancers.  
 Even though being considered as a beneficial source of providing anti-inflammatory 
effects and ability in reducing blood cholesterol, phytosterols tended to have some adverse 
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effects on carotenoid absorption in some studies. However, the mechanisms have not been 
clearly identified, and the dose of effect has not been defied.54  
 
Gamma-oryzanol 
Oryzanol, a group of ferulic acid ester of triterpene alcohols, is one of the types of 
phytosterol55 that can be naturally found in rice bran oil. It is produced industrially from rice 
bran seeds during the process of oil extraction.56 Oryzanol is considered one of the factors 
that contribute to the high stability against oxidation in rice bran oil as it can act as a free 
radical scavenger.57-59 In many clinical studies with humans and animals, gamma-oryzanol 
has been proven to reduce cholesterol absorption and has anticancer effects.60-62 
 
Phytosterol-oryzanol oleogels 
Structure and formation of phytosterol-gamma-oryzanol oleogels 
Phytosterol and oryzanol are considered low molecular weight organogelators 
(LMOGs). When LMOGs are melted and then cooled, they undergo molecular aggregation 
and form helical, twisted fibers. Upon cooling, the solution goes through super saturation that 
leads to phase separation and nucleation. Nucleation cause LMOGs to interact with each 
other and promote the growth of the fiber in one dimension. Under aggressive aggregation, 
those fibers then self-assemble into a 3D fiber network that entraps the oil to immobilize the 
oil system.17, 35  
Phytosterol and gamma-oryzanol are found to stack on top of each other at the ring 
moiety parts to form helical fibers. The sterane cores of both substances stack to form the 
wall of the fiber. The ferulic acid moiety of gamma-oryzanol protrudes from the wall of the 
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fiber38. Because the wall is formed by the sterane cores, the thickness of the wall depends on 
the size of the sterane core of the sterol; larger cores yield a thicker wall. The wall thickness 
typically varies from 0.8 to 1.2 nm, and the diameter of the fiber ranges from 6.7 to 8.0 nm.38, 
63 
 
Characteristics of oleogels 
The formation of the fibers depends on various aspects of phytosterol and gamma-
oryzanol. The fibers will not be formed if either of those two components are missing.63 
Among different types of phytosterols, some are able to form gels, and some are not.24 First 
of all, in order to form a gel, phytosterols need to have a hydroxyl group at C-3 of the A-ring. 
The hydroxyl group is essential for gelation because it forms a hydrogen bond between the 
phytosterol and the gamma-oryzanol. The hydrogen bond helps to stabilize the stacking of 
the two components.38 In addition, the hydroxyl group is claimed to decrease the solubility of 
the phytosterol in hydrophobic solvent such as oil which is used as the medium for the gel. 
Thus, if phytosterol is soluble in oil, the fiber will not form.24 The hydrogen bond between 
phytosterol and oryzanol is formed in a specific way that can maximize the bond length to 
minimize the free energy, thus stabilizing the stacking. With the optimal distance of the 
hydrogen bond, the moieties of phytosterol and gamma-oryzanol do not stack perfectly 
parallel. They stack slightly wedged to form twisted, helical fibers.25  
Another requirement for phytosterols to form gel is that phytosterols need to have less 
than two double bonds in the sterane core. In addition, phytosterols with less amount of 
double bond tend to form gel faster. Bot et al.24, 63 believed that the planarity of the ring 
structure might affect the gel formation. Base on those two requirements, gels are not formed 
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by 5α-cholestane which lacks of a hydroxyl group at C-3 nor are they formed by ergosterol 
which has two double bonds in the sterane ring.  
The number of double bonds determines the diameter of the fiber. Phytosterols with more 
double bonds result in smaller diameter fiber and vice versa.63 Table 1.1 is a summary from 
Bot and his group on the formation and characterization of gamma-oryzanol with different 
types of phytosterols.24  
 
Table 1.1  Visual observation on gelling properties of various phytosterol with gamma-
oryzanol, from Bot et al.24 
 
 
 
The concentration of phytosterol-gamma-oryzanol mixture also affects the formation 
and characterization of the gels. Gels are formed faster and are stronger with higher 
concentrations of gamma-oryzanol.64 All types of phytosterols result in translucent oleogel 
except for oleogels made with stigmasterol. The translucency of oleogels also depends on the 
concentration of gamma-oryzanol, rather than the concentration of phytosterol. Gels with 
higher amount of gamma-oryzanol are more transparent. The translucency of phytosterol-
gamma-oryzanol oleogels occurs because the microstructural components of the gels are 
smaller than the wavelength of visible light.25  
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Double benefits of phytosterol-oryzanol oleogels 
It is recommended that trans fatty acids and saturated fatty acids should be eliminated 
and minimized in the human diet to prevent the risk of CVD.3, 16 Partially hydrogenated 
vegetable oils and dairy fats are sources of trans fatty acids and saturated fatty acids.16 
However, fats and oils play an important role in human diet as well as the food industry.11-15 
Thus, there is a need of a novel alternative that contains no trans fatty acids and minimal 
amounts of saturated fats. Oleogels are the perfect replacement for partially hydrogenated 
vegetable oils and dairy fats as they can perform the characteristics and functionalities of 
partially hydrogenated vegetable oils and dairy fats in food products. Furthermore, oleogels 
are able to fulfill the needs of the human body for fats and oils.17, 65 Phytosterol-gamma-
oryzanol oleogels are one of the promising strategies for oleogels. Because the base of the gel 
is vegetable oil, the choice of oil is flexible and producers can choose oils depending on the 
amount of saturated fats. An important aspect of oleogels is that there is no hydrogenation 
during the gelation process; thus, there are no trans fatty acids in phytosterol-gamma-
oryzanol oleogels.17  
Phytosterols have been clinically proven to reduce blood cholesterol,45-47 and they 
have antioxidant activity that can prevent cancers. 48-52. An official health claim by the US 
Food and Drug Administration (2000) stated that foods containing phytosterols and low in 
saturated fats and cholesterol help reduce the risk of coronary heart disease.66 Phytosterols 
are recommended to be used as an antioxidant source and to reduce blood cholesterol as a 
nutritional option by many international health organizations.67, 68 For those reasons, 
phytosterol-gamma-oryzanol oleogels could provide double benefits. Not only is it a solution 
for eliminating trans fatty acids and reducing saturated fats in human diet, it also provides 
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phytosterols and gamma-oryzanol that contribute to the reduction of blood cholesterol and 
providing anticancer properties.  
 
Previous studies on oleogels 
Wright et al.69, 70 produced and studied oleogels consisting of vegetable oil and 
ricinelaidic acid. The conclusion of the study was that ricinelaidic acid was able to form gel 
with the concentration of the acid as little as 0.5% acid in oil. Rogers and his group utilized 
12-hydroxystearic acid as a gelator in vegetable oil. 12-hydroxystearic acid was able to form 
gel in oil with the concentration above 0.3% (w/w) of acid in oil.23   
Candellia wax is another gelator that is able to form oil-based gel. The minimal 
stability of candellia wax was confirmed to be at 3% of wax in oil solution.71, 72  
Oil can also be gelled by ceramide which is a sphingolipid. Oleogels with different 
types of ceramides were constructed and studied by Rogers et al.73 
Besides the above gelators, rice bran wax, carnauba wax, different types of fatty acids 
and fatty alcohols, sorbitan ester, lecithins and proteins have been used to construct oleogels. 
As oleogel is still a new concept of a healthy food alternative to replace partially 
hydrogenated vegetable oils and dairy fats, there are still opportunities to improve each type 
of oleogel that has been formulated thus far.17, 18  
 
Previous studies on phytosterol oleogels 
As one of the promising strategies for oleogels, phytosterol-gamma-oryzanol oleogel 
(phytosterol oleogel) has been studied by lipid chemists for the last recent years.17 Bot et al74 
were one of the first to study the mechanism of the formation of phytosterol oleogels. They 
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constructed and analyzed phytosterol oleogels using gamma-oryzanol with different types of 
physterols in sunflower oil. They used 5α-cholestane, dihydrocholesterol, beta-sitosterol, 
stigmasterol, and ergosterol. To study the gel-forming capability and characteristics of those 
oleogels, they used shear small-deformation rheology, compressed-large deformation 
rheology, and shear-large deformation rheology. Additionally, Bot et al.24, 25, 28, 29 have 
completed several studies on producing and analyzing beta-sitosterol-gamma-oryzanol 
oleogel in sunflower oil. The concentration of total sterol mixture (beta-sitosterol and 
gamma-oryzanol) varied from 6-16% of total solution, and the ratios of beta-sitosterol to 
gamma-oryzanol ranged from 100:0 to 0:100 depending on the study. The purposes of those 
studies were to figure out the mechanism of phytosterol oleogel formation. They discovered 
how phytosterol and gamma-oryzanol interacted and formed helical fiber which then 
aggregate to form gel network. In addition, they studied characteristics of phytosterol 
oleogels based on the change in sterol mixture concentration as well as the ratio of 
phytosterol to gamma-oryzanol.  
Rogers et al.31 studied the formation of hollow sterol fibers and their molecular 
interaction to form oleogel network. The study concluded that the change in ratio of 
phytosterol and gamma-oryzanol affected the transparency of the gel as well as the activation 
energy of the nucleation while the gel was formed. Nucleation influenced properties of 
oleogels as it affected crystalline materials in the gel network.30, 31 
Sawalha et al.32, 33, 64 carried out several studies on the formation of beta-sitosterol-
gamma-oryzanol tubules. They used sunflower oil as the oil base, and the concentration of 
the sterol mixture ranged from 8-16%. They applied light scattering, rheology, and micro-
DSC to observe how the formation of the sterol tubules is affected by the concentration and 
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temperature. Light scattering, rheology, and scanning electron microscopy methods were also 
used to determine the effect of type of oil on the self-assembly process of the tubules. 
In 2013, Alamprese et al.26 studied the rheological properties of beta-sitosterol-
gamma-oryzanol oleogels. Gels were made with sunflower oil ranging from 3.1-5.9 % (w/w) 
of total sterol. Frequency sweep rheology was applied to compare the rheological properties 
of those oleogels to butter. 
AlHasawi and Rogers27 observed the microstructures of phytosterol oleogels 
consisting of beta-sitosterol and gamma-oryzanol in canola oil. Using brightfield and 
polarized light microscopy, AlHasawi and Rogers were able to observe the crystalline 
structures and the differences in those structures when changing the concentration of sterol 
mixture (beta-sitosterol and gamma-oryzanol) or the ratio of beta-sitosterol to gamma-
oryzanol. 
 
Importance of this Research 
Most of the studies of beta-sitosterol-gamma-oryzanol oleogels have defined the 
formation mechanism and structure of the oleogels. There is a lack of studies analyzing sterol 
oleogels on the aspects of melting profile, oil migration, solid fat content, colorimetry, 
rheological properties, and phase diagram on sterol oleogels at high concentration of sterol 
mixture. This research project focuses on characterizing these aspects of sterol oleogels using 
different analytical methods such as: nuclear magnetic resonance (NMR) spectroscopy, 
differential interference contrast (DIC) microscopy, Hunter colorimetry, oil loss 
determination, oscillation stress sweep rheology, and differential scanning calorimetry. 
 
16 
 
Project Plan 
The first part of this project focuses on constructing and analyzing sterol oleogels at 
high concentrations of sterol mixture (10, 15, and 20%). There are three different ratios of 
gamma-oryzanol to beta-sitosterol within each group of concentration. The scope of this 
research is to try to incorporate as much beta-sitosterol as possible because of its health 
benefits. Thus, the ratios of gamma-oryzanol to beta-sitosterol range from 1:19 to 1:2. The 
oleogels will be constructed and analyzed using the above analytical methods. 
The second part of this research focuses on the influence of cooling rate on the 
characteristic of sterol oleogels. Three different cooling rates (2, 5, and 20°C/min) will be 
applied upon cooling for four groups of sterol oleogels. Using the same analytical techniques 
as the first part, the sterol oleogels will be constructed and analyzed. 
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CHAPTER 2 
 
 ANALYSIS AND CHARACTERIZATION OF OLEOGELS 
CONSISTING OF β-SITOSTEROL AND γ-ORYZANOL  
IN SOYBEAN OIL 
 
A paper to be submitted to Journal of Agricultural and Food Chemistry 
Zoey Q. Nguyen1,2 and Nuria C. Acevedo1* 
 
Abstract 
Unsaturated and trans fatty acids have been proven to contribute to negative health 
effects such as cardiovascular diseases. There is a demand for healthier alternatives that 
mimic similar properties in bakery applications. Oleogels, composed of beta-sitosterol (BS) 
and gamma-oryzanol (GO) in vegetable oil, have recently been studied as a healthy 
alternative. Previous research focused on the development of a gel consisting of low 
concentrations of sterol mixtures. The goal of this research was to characterize the physical 
properties of phytosterol oleogels (POs) composed of high concentrations of sterol mixtures 
(10-20%) in liquid soybean oil. Samples with different BS:GO ratios were prepared and 
characterized. Appearance of POs was observed using a colorimeter. The ability of the 
oleogel to retain liquid oil over time was determined through oil migration analysis. The 
effect of sterol concentration on crystal structure was analyzed using differential interference 
contrast microscopy. Solid fat content (SFC) of oleogels at various sterol concentrations was 
determined by 1H nuclear magnetic resonance spectroscopy (1H NMR). Furthermore, the 
mechanical properties of oleogels were studied through small deformation rheology. Some 
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compositions of phytosterol oleogels (POs) that had greater gelation properties displayed 
promising results for future use as a desirable substitute for hydrogenated oils. The ratio of 
GO to BS had a large effect on the physical properties of POs. A decrease in oil loss, which 
indicated better oil binding capacity, was associated with an increase in GO content. 
Mechanical properties were dependent on the amount of total sterols and GO to BS ratio. 
Storage modulus (G’) significantly increased with the increase in total sterol or GO, 
suggesting that a desired macroscopic functionality could be achieved by manipulating the 
amount of gelling agent. Differential interference contrast microscope (DIC) images revealed 
that oleogels with higher ratios of BS contained developed, large and thick crystalline 
aggregates, while those with lower ratios presented high population of small aggregates. 
Results revealed that PO, even at low concentrations, may replace significant amounts of 
hardstock fats containing trans or saturated fatty acids. There was a lack of phase separation 
in oleogels consisting of 2% GO and 18% BS up to 3 months of storage at room temperature. 
These desirable shelf life properties could be of use in the food industry. 
 
Introduction 
Cardiovascular disease (CVD) has been defined by WHO as a worldwide major 
killer, which is the leading cause of death every year.1 The WHO estimated the number of 
deaths caused by CVD in 2011 as approaching 17.3 million deaths, which was 30% of all 
global deaths in 2008. The number of deaths from CVD has been estimated to increase to 
23.3 million in 2030.1 Not only has CVD been the leading cause of death, but has also been 
considered an economic burden. In 2011, the Center for Disease Control and Prevention 
(CDCP) reported that the cost of CVD in the United States was $108.9 billion. In fact, for 
25 
 
every 6 dollars spent for health care in the US, 1 dollar was used for CVD.2 The practice of 
unhealthy diets, particularly those that include high levels of saturated and trans-fatty acids, 
are major risk factors for CVD.3-5 Consumption of saturated fats and trans fatty acids induce 
the production of cholesterol.5 A third of global cardiovascular disease is caused by high 
cholesterol.1 Therefore, preventive measures to avoid consumption of trans fats and decrease 
the intake of saturated fats are essential in preventing CVD.6  
Fats and oils play an important role in the food industry. Their physical properties 
impact food products contributing to flavor, texture, lubricity, and satiety.7-10 Artificial trans 
fats are inexpensive and provide an extended shelf life along with a desirable mouthfeel. 
Trans fatty acids and saturated fats are commonly found in partially hydrogenated oils, 
vegetable shortenings, stick margarine, fast food, ready-to-eat frosting, spreads, savory 
snacks, and frying and baking product.11 To avoid trans fats and minimize the intake of 
saturated fats, the concept of structuring oils that can hold the characteristics of solid 
crystalized fats has been trending in recent years.12 
Oleogels have been identified as one of the most promising systems to replace 
partially hydrogenated oils.12 There have been several gelators studied in previous research 
such as monoacylglycerides, waxes, lecithin and sorbitan tristearate, long chain fatty acid, 
etc.13-16 However, previous work elucidated that when phytosterols and oryzanol are used 
concurrently, the results are more favorable than combinations of other gelators.12 
Phytosterols and oryzanol can self-assemble into a fibrillar network which can be described 
as crystalline fibers entrapping liquid oil.12, 17-19 Mixtures of beta-sitosterol (phytosterol) and 
gamma-oryzanol (oryzanol) at various concentrations of beta-sitosterol and gamma-oryzanol 
have been reported to form firm gels.16, 20-23 
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Phytosterols, also known as plant sterols, are commonly found in plants and more 
specifically vegetables.24, 25 Phytosterols have been clinically proven to reduce blood 
cholesterol levels,26-28 and possess antioxidant activity useful in preventing cancer.29 An 
official health claim by the United States Food Drug Administration (FDA) stated that foods 
containing phytosterols and also low in saturated fats and cholesterol could help reduce the 
risk of coronary heart disease.30 The recommended intake amount of phytosterols needed to 
significantly reduce LDL cholesterol is 1 to 3 grams of phytosterols per day.31, 32 However, in 
the typical Western diet, the daily intake ranges from 150 to 400 mg of phytosterols.26-28 
Phytosterols are known to be poorly soluble in fats and water; thus, it has been a challenge 
for the food industry to incorporate phytosterols into food products. Industrially, most 
phytosterols are incorporated in liquid food systems; however, the amount is not high enough 
to reach the various health benefits of phytosterols.33  
Most of the studies conducted on POs have been focused on the formation 
mechanism and structure of oleogels containing low percentages of phytosterols.16, 18, 20-23, 34-
38 However, there is a lack of literature analyzing oleogels at high concentrations of sterol 
mixtures. This research focuses on the preparation and analysis of sterol oleogels at 
concentrations of 10, 15, and 20%. Three different gamma-oryzanol to beta-sitosterol ratios 
were utilized within each sterol concentration. The scope of this research was to incorporate 
large amounts of beta-sitosterol (approx. 2.5 g per serving). The oleogels were prepared and 
their thermal, mechanical, micro- and macroscopic properties were analyzed using different 
analytical methodologies such as: nuclear magnetic resonance spectroscopy (NMR), 
differential interference contrast microscopy (DIC), colorimetry, oil loss (OL) and oil 
migration (OMG) determination, and small deformation rheology.  
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Materials and Methods 
Materials 
Liquid soybean oil (SO) was generously provided by ADM oils (Decatur, IL, USA). 
Beta-sitosterol (BS) powder (purity ≥70 %) was purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Gamma-oryzanol (GO) powder was purchased from Tokyo Chemical Industry 
Co., LTD (6-15-9 Toshima, Kita-Ky, Tokyo, Japan). 
 
Preparation of oleogels 
BS and GO were mixed in SO at different ratios and total sterol concentrations. 10%, 
15%, and 20% total sterol concentrations with ratios GO:BS of 1:9, 1:4, 1:2, and 1:1.5 were 
prepared. The mixtures were heated in a convection oven at 175°C while stirring constantly 
at 250 rpm for 30 min until all the solid components dissolved. After heating, the mixtures 
were cooled and stored in a refrigerator at 4°C to allow gelation. The cooling rate was 
determined to be 3°C/min at the center of the sample. Once gelled, samples were stored in 
airtight containers at 4°C for a week before analysis.  
 
Differential interference contrast microscopy 
Differential interference contrast (DIC) microscopy was used to observe samples’ 
microstructure. Slides and covers were preheated in the oven at 175°C while a mixture of PO 
was prepared. A small drop of liquid sample, was placed on a microscope slide and flattened 
with a cover. Then, microscope slides were cooled in the refrigerator at 4°C for one week 
before observation. A DIC microscope (Olympus BX53, Olympus Corporation, MA, USA) 
equipped with polarized light system (X-Cite 120 LED) and a digital camera (Olympus Q 
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Imaging) were used for imaging. Images were acquired with a 40× objective lens and saved 
using CellSens Dimension software (Olympus Corporation, MA, USA). At least 25 images 
were captured from each of the specimens prepared. 
 
Opacity 
The liquid sterol mixture was poured into a plastic petri dish (35 mm diameter and 4 
mm height). The dish was cooled and stored in the refrigerator at 4°C for one week. The 
visual appearance of POs was observed under fluorescent light conditions. A HunterLab 
(Labscan XE 16807, Hunter Associate Laboratory, Inc. Reston, VA, USA) was used to scan 
the PO dishes using black and white background. Universal software V 4.10 was set at 
parameter of 0.44 in port size, 0.25 in area view, mode 0/45, and nominal UVFilter. Color 
parameters measured were lightness (L*), chromaticity of red/green (a*), and chromaticity of 
blue and yellow (b*). These parameters are in accordance with the recommendations of the 
International Commission on Illumination, CIE.39 At least 3 replicates were measured for 
each composition of POs. The opacity of POs was then calculated with the following 
equation: 
% Opacity = 100.0 * 40 
 
Oil loss and oil migration 
Oil loss (OL) and oil migration (OMG) studies were performed according to the 
technique described previously by Dibildox-Alvarado et al.41 Melted sterol mixtures were 
poured into PVC disc molds (22 mm diameter and 3.2 mm thickness). The molds were 
cooled and stored uncovered in the refrigerator at 4°C for a week. Once gelled, each sterol 
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oleogel disc was removed from the PVC molds, placed onto a round filter paper (Whatman 
#5, 90 mm diameter) and incubated at 20°C. The weight of the filter papers was recorded 
every hour during the first 8 hours, every day for a week, and then every week until reaching 
a constant value of oil lost from the sample.  A “blank” filter paper was included in all 
experiments to account for the effects of the treatments on the paper itself such as the 
influence of the humidity of the storage environment. Filter papers were large enough in 
order to avoid the paper becoming saturated with oil during the period of measurement. The 
amount of oil lost from the sample was calculated by using the following equation: 
OL (%) =  X 100 
OMG was a plot of OL values with function of time. Averages and standard deviation values 
of at least 4 replicates were reported.  
 
Small deformation rheology 
Sterol mixtures were poured into disc PVC molds (35 mm diameter and 3.2 mm 
thickness). The molds were cooled and stored in the refrigerator at 4°C for a week. The 
rheological measurements of PO discs were carried out using a HAAKE RS 150 RheoStress 
rheometer with a 35 mm diameter serrated stainless steel plate (PP35Ti). Sand paper (grade 
60) was taped onto the base of the rheometer to prevent slipping. Measurements were 
performed at 20 °C, controlled by a Peltier system (TC 81 Peltier) located in the base of the 
measurement geometry. Measurements were carried out by oscillatory sweep tests ranging 
from 100 to 17,000 Pa with a gap from 3 to 3.2 mm to ensure the probe touched the disc 
surface, and 20 Hz frequency. The storage modulus (G’) values were determined from the 
stress sweep curves as the average value (in Pa) of the linear viscoelastic region, and the 
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yield stress was calculated as the stress value (in Pa) when a reduction in G’ of 10% was 
achieved. The reported data are the average values of at least ten individual replications.  
 
Proton-nuclear magnetic resonance spectroscopy 
The solid fat content (SFC) of the different POs was determined by pulsed 1H nuclear 
magnetic resonance (NMR) using a Bruker Minispec spectrometer (Bruker BioSpin 
Corporation, TX, USA). POs were deposited into NMR tubes to a depth of 4 cm to ensure 
proper reading of the SFC. Samples were incubated at 20°C for 30 minutes in a high 
precision dry bath system (DuraTech TCON 2000, IN, USA). SFC was determined at 20°C. 
Three replicates were prepared for each sample and four readings were recorded per 
replicate. Mean values and standard deviations were reported in this study. 
 
Statistical analysis 
Data was processed and plotted using GraphPad Prism 5 software (GraphPad 
Software, Inc., San Diego, CA, USA). Means and standard deviations are reported, and 
samples were statistically compared across all of the samples using one-way ANOVA (p < 
0.05) with Tukey’s multiple comparisons as a post-test (p < 0.05).   
 
Results and Discussion  
Formation of POs 
As expected, POs were formed only when both sterols, GO and BS were incorporated 
in the mixture (Figure 2.1). Thus, the combination of these sterol components was essential 
in the establishment of the oleogels. Even though gelation was observed to a greater or lesser 
31 
 
extent in all sterol compositions, oleogels’ micro and macroscopic characteristics differed 
between samples. Mixtures with low total sterol concentrations and low GO amounts resulted 
in weak oleogel structures. As a result, these samples were not analyzed for oil migration and 
rheology analysis. The analysis of the physical properties of the various oleogels revealed 
that gel formation had a strong dependence on both sterol concentration and the ratio of GO 
to BS. The results showed that GO and BS played an essential role in the formation and self-
assembly of the gels. Thus, gel properties can be manipulated by adjusting the ratio of 
GO:BS incorporated in the initial mixture.16, 20, 23  
 
Differential interference contrast microscopy 
Pure BS had large and shiny crystals, and these microscopic observations are in 
agreement with previous results reported by Rogers et al and AlHasawi et al.17, 18, 38 On the 
other hand, pure GO did not possess needle-like crystalline morphology (Figure 2.2 F). 
Instead, GO crystals were organized in flat plated shapes. Rogers et al (2010) reported 
similar microscopic structures when studying GO in mineral oil. 
All the sterol mixtures presented similar crystal morphology characterized by 
spherulic-like supermolecular aggregates. However, crystalline structures were affected by 
total sterol concentration and GO:BS ratio (Figure 2.2). Crystal development was affected by 
sterol concentration; a higher percentage of sterol resulted in more solid material, which 
promoted the growth and expansion of the crystalline structure and resulted in thicker and 
bigger aggregates. For instance, more crystalline material can be observed in micrographs B 
and E (20% sterol) when compared to micrographs A and D (15% sterol). Furthermore, 
crystalline aggregates of samples with 20% sterol (Figure 2.2 B and E) were larger with 
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longer and more developed chains and a more complex crystalline structure. Additionally, 
higher BS ratios resulted in larger and thicker crystalline aggregates (Figure 2.2 A and B). 
Micrographs D and E correspond to samples with lower proportions of BS. The crystalline 
aggregates in this case were smaller in size compared to those observed in oleogels with high 
BS ratio. Previous studies by Rogers, and Rogers et al.17, 18 studied the microstructure of 
oleogels with higher concentrations of phytosterol than of GO. The authors reported the 
presence of large spherical crystalline aggregates.   
POs with higher concentrations of GO resulted in high populations of small 
crystalline aggregates. Rogers et al.17, 18 narrated an explanation for this phenomenon. The 
researchers believed formation of spherulic-like crystalline aggregates was dependent on the 
ratio of phytosterol to GO. Oleogels with higher amounts of phytosterols tended to have 
higher activation energy of nucleation. High activation energy of nucleation resulted in 
limited stable nuclei; the growth site for crystal growth is reduced, and long or thick crystal 
branches organized radially from a nuclei center occur. In contrast, if there were more stable 
nuclei and more growth sites, then the crystals would be able to grow on multiple nuclei, 
leading to a greater population of smaller spherulic-like crystalline aggregates.17, 18  
 
Opacity 
The transparency of POs was found to be dependent on the GO:BS ratio (Figure 2.3). 
This phenomenon can be explained by the structure of GO and its role during gelation. When 
GO and BS stack on top of each other to generate tubular sterol fibers, GO organizes itself 
such that its ferulic moiety remains on the external surface of the sterol fiber. As the GO and 
BS self-assemble into a fiber, ferulic moieties act as spacers which decrease the density of 
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the gel network. As a result, higher amounts of GO create a more spacious gel network that 
allows light to pass through, resulting in transparent samples.15, 20 Another explanation for the 
appearance of POs can be related to the amount of crystalline material. As explained 
previously, POs with a higher amount of BS present a microstructure similar to pure BS, 
represented by large crystalline aggregates. In addition, there was a vast amount of 
crystalline material present in the gel network, resulting in an opaque gel (Figure 2.3 and 
2.4). These results are in agreement to those reported by Rogers et al.18 where a change in 
opacity of the oleogels was observed with a change in the GO:BO ratio. In addition, 
researchers stated that when the proportion of phytosterols and GO are not equal, the 
activation energy of nucleation increases when the gel forms, leading to limited stable nuclei. 
With fewer nuclei, there were less growth sites for the crystalline materials to grow and 
develop. This caused the crystals to grow on each other and form long thick crystalline 
aggregates that diffract light and result in opaque gels.18 In addition, Bot et al.21 hypothesized 
that ferulic acid assisted in the solubilization of both GO and sterol fibers in oil. Thus, higher 
amounts of GO reduced the interactions between the sterol fibers, preventing them from 
aggregating and forming bundles. Furthermore, the transparency of phytosterol oleogels 
increased.21 
Colorimetry results confirmed visual observations. As shown in Figure 2.4, the 
increase in GO was directly related to the increase in PO transparency. These results indicate 
that a small change in the GO:BS ratio can significantly alter the appearance of POs; every 
10% increase in GO, opacity decreased ranging from 2 to 8%.  
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Oil loss and oil migration 
The ability of a fat matrix to effectively retain liquid oil is an important factor in fat-
based products, as oil migration can lead to significant deterioration in quality. Oil migration 
(OMG) and oil loss (OL) during storage were evaluated in all oleogel samples as a function 
of time. Lower OMG values were associated with more stable POs, as the gel network was 
able to entrap the liquid oil more efficiently and preserve its own integrity. All curves in 
Figure 2.5 showed similar behaviors of liquid oil migrating out of the gel network over time. 
At the initial stage, liquid oil was quickly lost from the gel network. Then, liquid oil 
migration from the gel to the filter paper decreased gradually until finally reaching a plateau 
where little oil was lost.  
Results showed that the stability of POs, in regard to oil binding capacity, was 
dependent on the concentration of sterol mixture as well as the GO to BS ratio. The final 
amount of oil lost from the oleogel networks as well as the calculated OMG rate were lowest 
in gels with a higher concentration of total sterol in combination with a higher ratio of 
GO:BS (Figure 2.6). These results were in agreement with DIC microscopy analysis; a high 
amount of sterol concentration and high ratio of GO:BS provided more materials to build 
stable gel networks and helped to entrap and retain oil better. Some POs [10(1GO:1.5BS), 
10(1GO:2BS), 15(1GO:2BS), 15(1GO:4BS), 20(1GO:2BS), 20(1GO:4BS), 20(1GO:9BS)] 
yielded values of OL lower than 50% upon 35 days of storage at 20°C. These results were 
promising in regards to shelf life stability due to POs ability to retain liquid oil in the gel 
network for long durations at room temperature. Particularly, results from POs with higher 
amounts of GO (for samples of 15% and 20% sterol mixture) were especially promising due 
to OL values that were lower than 20% (Figure 2.6).  
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Small deformation rheology 
The mechanical properties of POs were investigated by analyzing storage modulus 
(G’) and yield stress (σ*) values obtained by small deformation rheology. G’ and σ* values 
are important parameters to measure due to their relationship with sensory perceptions and 
stability of soft matters.42  G’ and σ* values were obtained for all the POs (Figure 2.7). As 
expected, both parameters showed similar trends and a clear relationship to the total sterol 
concentration and GO:BS ratio. The results indicated that POs produced with high sterol 
concentrations or high GO proportions yielded higher G’ and σ* values, indicating stronger 
mechanical properties. These results were in line with those aforementioned and can also be 
explained by the generation of stronger and more rigid gel networks with higher sterol and 
GO concentrations. Other studies also found relationships between the mechanical properties 
of POs and the sterol and GO concentrations. From those previous studies, oleogels were 
proven to be have high mechanical properties with the increase in sterol concentration and 
ratio of GO:BS.34, 36, 37  Some combinations of POs from this study [10(1GO:2BS), 
15(1GO:4BS), 20(1GO:9BS)] exhibited mechanical properties comparable to a commercial 
shortening, where G’ values ranged from 1 to 2 MPa while σ* values were below 800 Pa.43 
Additionally, those POs were some of the POs that yielded low values for OL and OMG. 
These results indicated that PO is a promising substitute for current shortenings containing 
trans fats. Oleogels have been constructed to replace commercial partially hydrogenated oils 
present in numerous food products, specifically shortenings. Thus, it is imperative that POs 
exhibit similar textures, behaviors and mechanical properties as compared to commercial 
partially hydrogenated oils.   
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Proton nuclear magnetic resonance spectroscopy 
As anticipated, oleogels with greater sterol percentages showed higher SFC than gels 
with lower sterol concentrations. However, the ratio of GO:BS affected the SFC within each 
sterol concentration. Results showed POs with higher GO proportions had lower SFC (Figure 
2.8 A). These findings suggest that even though GO was essential in building and 
strengthening the oleogel network, it was not fully detected by the 1H NMR as a solid fat 
material. GO has been known to be highly soluble in oil; thus, it was not distinguished by X-
ray scattering when mixed with liquid oil in previous research.44 It is also important to note 
that the 1H NMR application used to determine SFC may not be appropriate to detect solid 
GO. Therefore, when not forming part of the tubular fibril within the gel, GO might be 
soluble in the soy oil contained in the gel network and thus, was not identified by 1H NMR in 
this study. POs with higher amount of GO were identified by 1H NMR as having lower SFC; 
only the BS component of the oleogels was recognized. Because of this, POs made of 15% 
BS yielded a solid fat content of 15%, while the sample composed of 15% of GO only 
yielded about 1% solid fat content (Figure 2.8 B).  
 
Conclusion 
Formation of POs with higher concentrations and different ratios of sterols produced 
optimal properties. The properties and characteristics of POs in regards to sterol 
concentration as well as GO:BS ratio were observed with DIC microscopy, opacity 
measurements, oil migration, rheology, and NMR spectroscopy. GO played an important role 
in the formation and characteristics of POs, though phytosterols were still an essential 
component. Higher ratios of GO resulted in POs with smaller crystalline structures, greater 
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transparency, better network integrity, and thus improved oil holding capacity and 
mechanical properties. Several analyzed PO compositions showed mechanical properties 
comparable to commercial shortenings. A relationship between the microscopic and 
macroscopic properties of POs was also discovered. POs with smaller and numerous 
crystalline aggregates resulted in increased transparency, mechanical properties, gel network 
integrity, and oil holding capability. Results from all the analyses provided information on 
behavioral consistency of the POs microscopically and macroscopically. Thus, by 
manipulating ratios and percentages of phytosterols in POs desired properties and 
functionalities of current commercial shortening products could be replicated.  
The results from this study provide further insight into the behaviors of POs as well 
as a comprehensive characterization of a wide range of sterol concentration and GO: BS 
ratios. The optimal oleogels contained phytosterol percentages ranging from 8 to 19% 
(provided 0.8 to 2.7 g of phytosterol per serving), which would provide a two-fold benefit. 
Consumption of POs would lead to a reduced intake of saturated and trans fats. Furthermore, 
phytosterols will exert their ability to reduce blood cholesterol, as well as their anti-
inflammatory effects, among other benefits.26-28, 32 These results indicate that POs could act 
as healthy substitutes for high trans and saturated semisolid fat products while maintaining 
optimal functional properties.  
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Figure 2.1  POs prepared with 15% total sterol concentration and different GO:BS ratios. 
From left to right: 15(1GO:9BS), 15(1GO:4BS), 15(1GO:2BS). 
 
 
Figure 2.2  Micrographs obtained by DIC microscopy of different POs and the pure sterol 
components. A: 15(1GO:9BS), B: 20(1GO:9BS), C: pure β-sitosterol (BS), D: 15(1GO:4BS), 
E: 20(1GO:4BS), F: pure -oryzanol (GO). 
 
 
43 
 
 
 
Figure 2.3  Visual appearance of POs at 15% and 20% sterol concentrations. GO 
concentration increased by 10% (and BS decreased by 10%) from left to right. Red circles 
were placed under each sample dish to assist visual evaluation of opacity. 
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Figure 2.4  Opacity values of POs at 15% and 20% sterol concentrations. Different letters 
assigned to each bar represent statistically significant differences between the values across 
all samples (p < 0.05). 
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Figure 2.5  Oil migration (OMG) curves obtained from the produced POs.  
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Figure 2.6  Average oil migration rate (OMG rate) values and final oil loss (OL) values for 
10%, 15%, and 20% POs at different GO:BS ratios. Different letters assigned to each bar 
represent statistically significant differences between the values across all samples (p < 
0.05). 
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Figure 2.7  Storage modulus (G’) and yield stress (σ*) values of 10%, 15%, and 20% POs at 
different GO:BS. Different letters assigned to each bar represent statistically significant 
differences between the values across all samples (p < 0.05).  
 
 
48 
 
1G
O
:1
9B
S
1G
O
:9
BS
1G
O
:4
BS
1G
O
:2
BS
1G
O
:1
9B
S
1G
O
:9
BS
1G
O
:4
BS
1G
O
:2
BS
1G
O
:1
9B
S
1G
O
:9
BS
1G
O
:4
BS
1G
O
:2
BS
0
5
10
15
20 10% Sterol
15% Sterol
20% Sterol
f
g g
d d d
e
a
b
c
d
A
S
F
C
 (
%
)
0G
O
:1
0B
S
10
G
O
:0
B
S
0
5
10
15
20
15% Sterol B
S
F
C
 (
%
)
 
Figure 2.8  Average solid fat content (SFC) of A: 10%, 15%, and 20% POs at different GO: 
BS, and B: 15% BS in oil and 15% of GO in oil. Different letters assigned to each bar 
represent statistically significant differences between the values across all samples (p < 
0.05).   
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CHAPTER 3 
 EFFECT OF COOLING RATE ON THE PROPERTIES OF  
β-SITOSTEROL--ORYZANOL OLEOGELS  
 
A paper to be submitted to Food Research International 
Zoey Q. Nguyen1,2 and Nuria C. Acevedo1* 
 
Abstract 
 Phytosterol oleogels (POs) composed of beta-sitosterol (BS) and gamma-oryzanol 
(GO) in vegetable oil are considered a promising system for a healthy cooking alternative. 
Previous research focused on the development and mechanism of the formation of POs at 
low concentrations of sterol mixture. The scope of this research was to construct POs with 
high sterol concentration (15 to 20%) in order to optimize the health benefits of phytosterols 
in reducing blood cholesterols. Three different cooling rates (2, 5, and 20°C/min) were 
applied during the cooling process to influence the properties of POs. Appearance and 
characteristics of POs at different cooling rates were analyzed to study the effects of cooling 
rates. Microscopic structures of POs were observed using differential interference contrast 
(DIC) microscopy. Oil loss determination, small deformation rheology, colorimetry, 
differential scanning calorimetry (DSC), and 1H nuclear magnetic resonance (1H NMR) 
spectroscopy were used to analyze the microscopic and macroscopic properties of POs at 
different cooling rates. POs high in BS showed fat-like behaviors; fast cooling rate resulted 
in POs with small crystalline aggregates, high in transparency, better oil biding capacity, high 
                                                 
1 Department of Food Science and Human Nutrition, Iowa State University, Ames, IA 50011 
2  Primary researcher and author 
* Author for correspondence 
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melting temperature, and harder texture. POs high in GO acted more like oleogels; fast 
cooling rate led to POs with small crystalline aggregates, high in transparency, weaker oil 
binding capacity, low melting temperature, and softer texture.  
 
Introduction 
Cardiovascular disease (CVD) is a worldwide major killer and an economic burden 
responsible in 2012 for 17.5 million deaths and 108.9 billion dollars in costs (Heidenreich et 
al., 2011; WHO, 2015). Saturated fats and trans fats play indirect and direct roles in the 
factors leading to CVD (Ascherio & Willett, 1997; Hu et al., 1997; Mensink & Katan, 1990; 
Mozaffarian, Katan, Ascherio, Stampfer, & Willett, 2006). One straight forward approach to 
reduce or prevent the risk of CVD is to minimize the consumption of saturated fats and to 
eliminate trans fats from the diet (WHO, 2015).  
Saturated fats are present in animal products, and trans fats are commonly found in 
partially hydrogenated oils, vegetable shortenings, stick margarines, fast foods, ready-to-eat 
frostings, spreads, savory snacks, and frying and baking products.("Trans fat," 2014) It is 
hard to avoid saturated and trans fats in the human diet as fats play an important role in 
foods, contributing to the flavor, texture, lubricity, and satiety of food (Charley & Weaver, 
1998; McClements & Decker, 2010; Rao, 2003; Rios, Pessanha, Almeida, Viana, & Lannes, 
2014). As such, in recent years there has been a search for novel cooking alternatives that can 
reduce saturated fats and eliminate trans fats in the human diet (Marangoni & Garti, 2011). 
Phytosterol oleogels (POs) are part of a promising strategy (Marangoni & Garti, 
2011). POs are constructed from the mixture of phytosterol and gamma-oryzanol in 
vegetable oils. Phytosterols are plant sterols known to have the ability to reduce blood 
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cholesterols (Kritchevsky & Chen, 2005; Kuhlmann et al., 2005; Ling & Jones, 1995). 
Additionally, phytosterols have been clinically proven to have anti-inflammatory effects 
(Woyengo, Ramprasath, & Jones, 2009). Thus, the possibility of tailoring POs enriched in 
phytosterols could be a promising strategy that offers double benefits of 1) eliminating trans 
fats and minimizing saturated fats in the diet; and 2) reducing blood cholesterol 
concentrations and providing anti-inflammatory effects. 
From a health standpoint, 1 to 3 g of phytosterols per serving is the recommended 
intake for adults to benefit from their consumption (Ostlund, 2002). However, the typical 
Western diet provides only 150 to 400 mg per serving (Kritchevsky & Chen, 2005; 
Kuhlmann et al., 2005; Ling & Jones, 1995). One purpose of this research is to incorporate 
high levels of phytosterol in POs in order to realize the health benefits. 
The objective of this research is to determine the effects of various cooling rates on 
the characteristics of high-sterol POs. 4 formulations of POs were prepared using 3 different 
cooling rates (2, 5, 20°C/min). Using analytical techniques such as nuclear magnetic 
resonance (NMR) spectroscopy, differential interference contrast microscopy (DIC), Hunter 
colorimetry, oil loss determination, oscillation stress sweep rheology, and differential 
scanning calorimetry, the high sterol oleogels were analyzed. A goal of this research is to 
incorporate a high percentage beta-sitosterol (1 to 2.5 g/serving) because of the health 
benefits of reducing blood cholesterols. 
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Materials and Methods 
Materials 
Liquid soybean oil (SO) was generously provided by ADM Oils (Decatur, IL, USA). 
Beta-sitosterol (BS) powder (purity ≥70 %) was purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Gamma-oryzanol (GO) powder was purchased from Tokyo Chemical Industry 
Co., LTD (6-15-9 Toshima, Kita-Ky, Tokyo, Japan). 
 
Preparation of oleogels 
BS and GO were mixed in SO at different ratios and total sterol concentrations. The 
total sterol concentrations (by wt) were 10%, 15% and 20% with the following GO:BS ratios 
1:9, and 1:4BS. The mixtures were heated in a convection oven at 175°C while stirring 
constantly at 250 rpm for 30 min until all solid components dissolved. 
  After heating, 3 different cooling rates were applied to cool each formulation: 
2°C/min at room temperature, 5°C /min in the freezer at -20°C, and 20°C/min using liquid 
nitrogen. POs were then stored in a refrigerator at 4°C for a week before analysis.  
 
Differential interference contrast microscopy 
Differential interference contrast (DIC) microscopy was used to observe samples 
microstructure. Slides and covers were preheated in an oven at 175°C while a PO 
formulation was prepared. A small drop of liquid PO sample, was placed on a microscope 
slide and flattened with a cover. Microscope slides were then cooled at 2°C, 5°C, and 20°C 
/min using a cooling stage and stored in the refrigerator at 4°C for one week before 
observation. A DIC microscope (Olympus BX53, Olympus Corporation, MA, USA) 
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equipped with polarized light system (X-Cite 120 LED) and a digital camera (Olympus Q 
Imaging) were used for imaging. Images were acquired with a 40× objective lens and saved 
using CellSens Dimension software (Olympus Corporation, MA, USA).  At least 25 images 
were captured from each sample. 
 
Opacity 
The liquid sterol mixture was poured into a plastic petri dish (35 mm diameter and 4 
mm height). The dish was cooled at 2°C, 5°C, and 20°C/min and stored in the refrigerator at 
4°C for one week. The visual appearance of the POs was observed under fluorescent light. A 
HunterLab (Labscan XE 16807, Hunter Associate Laboratory, Inc. Reston, VA, USA) was 
used to scan the PO dishes using a black and white background. Universal software V 4.10 
was set at parameter of 0.44 in port size, 0.25 in area view, mode 0/45, and nominal 
UVFilter. Color parameters measured were lightness (L*), chromaticity of red/green (a*), 
and chromaticity of blue and yellow (b*). These parameters are in accordance with the 
recommendations of the International Commission on Illumination, CIE (Francis, 1998). At 
least 3 replicates were measured for each composition of POs. The opacity of POs was then 
calculated with the following equation: 
% Opacity = 100.0 * (
L∗black
L∗white
) ("Contrast Ratio Opacity," 2012) 
 
Oil loss and oil migration 
Oil loss (OL) and oil migration (OMG) studies were performed according to the 
technique described previously by Dibildox-Alvarado et al. (2004). Melted sterol mixtures 
were poured into PVC disc molds (22 mm diameter and 3.2 mm thickness). The molds were 
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cooled at 2°C, 5°C, and 20°C/min and stored uncovered in the refrigerator at 4°C for a week. 
Once gelled, each sterol oleogel disc was removed from the PVC molds, placed onto a round 
filter paper (Whatman #5, 90 mm diameter) and incubated at 20°C. The weight of the filter 
paper was recorded every hour during the first 8 hours, and then once a day for 7 days, and 
then once a week until reaching a constant loss of oil from the sample. A “blank” filter paper 
was included in all experiments to account for the effects of the treatments on the paper itself 
such as the influence of the humidity in the storage environment. Filter papers were large 
enough to avoid becoming saturated with oil during the measurement period. The amount of 
oil lost from the sample was calculated by using the following equation: 
OL(%) = 
[wt.paper(X h)−wt.paper (0 h)]−[wt.  blank(X h)−wt.blank (0 h)]
wt.paper (0 h)
  100 
OMG was a plot of OL values with function of time.  
Means and standard deviations s of at least 4 replicates were reported.  
 
Small deformation rheology 
Sterol mixtures were poured into disc PVC molds (35 mm diameter and 3.2 mm 
thickness). The molds were cooled at 2°C, 5°C, and 20°C/min and stored in the refrigerator 
at 4°C for a week. The rheological measurements of PO discs were carried out using a 
HAAKE RS 150 RheoStress rheometer with a 35 mm diameter serrated stainless steel plate 
(PP35Ti). Sand paper (grade 60) was taped onto the base of the rheometer to prevent 
slipping. Measurements were performed at 20°C, controlled by a Peltier system (TC 81 
Peltier) located in the base of the measurement geometry. Measurements were carried out by 
oscillatory sweep tests ranging from 100 to 17,000 Pa with a gap from 3 to 3.2 mm to ensure 
the probe touched the disc surface, and 20 Hz frequency. The storage modulus (G’) values 
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were determined from the stress sweep curves as the average value (in Pa) of the linear 
viscoelastic region, and the yield stress was calculated as the stress value (in Pa) when a 
reduction in G’ of 10% was achieved. The reported data are the average values of at least ten 
individual replications.  
 
Differential scanning calorimetry (DSC) 
A differential scanning calorimeter (Perkin Elmer, Diamond DSC with HyperDSCTM, 
MA, USA) was used for the thermal analysis of the different POs.  The instrument heat 
capacity response was calibrated with sapphire and the heat flow is calibrated with indium. 
Approximately 75 mg of the PO sample was placed in an alodined pan and sealed 
hermetically (an empty pan served as a reference). POs were heated from 20 to 100°C at a 
rate of 5°C/min. Thermograms were evaluated using PyrisTM Software.  Peak (Tm) 
temperatures were determined using the software provided by the equipment manufacturer. 
Peak melting temperatures are related to the temperature at which the largest proportion of 
solid crystalline species in the POs melt, i.e., an average “melting point” of the sample. The 
enthalpy of melting (ΔHm) were determined from the area under the endotherm. The mean 
and standard deviation of three replicates were reported in this study. 
 
Proton-nuclear magnetic resonance spectroscopy 
The solid fat content (SFC) of the different POs was determined by pulsed 1H nuclear 
magnetic resonance (NMR) using a Bruker Minispec spectrometer (Bruker BioSpin 
Corporation, TX, USA). POs were deposited into NMR tubes to a depth of 4 cm to ensure 
proper reading of the SFC. Samples were incubated at 10°C, 20°C, 30°C, 40°C, 50°C, 60°C, 
56 
 
70°C, and 80°C for 30 minutes in a high precision dry bath system (DuraTech TCON 2000, 
IN, USA). SFC was determined at 20°C. Three replicates were prepared for each sample and 
four readings were recorded per replicate. Mean values and standard deviations were 
reported in this study. 
 
Statistical analysis 
Data were analyzed using GraphPad Prism 5 software (GraphPad Software, Inc., San 
Diego, CA, USA). Means and standard deviations are reported, and samples were statistically 
compared across all of the samples by using one-way ANOVA (p < 0.05) with Tukey’s 
multiple comparisons as a post-test (p < 0.05). 
 
Results and Discussion 
Differential interference contrast microscopy 
Differential interference contrast (DIC) microscopy was used to study the 
microstructure of the produced POs. All compositions of POs displayed similar 
microstructural elements represented by spherulic-like aggregates. These crystalline features 
are characteristic of sterol fibers. As demonstrated in previous studies, during the formation 
of POs, BO and GO associate and stack to form sterol fiber (Pernetti, van Malssen, Flöter, & 
Bot, 2007). The fibers then self-assemble and form three dimensional networks that are 
capable of entrapping liquid oil, resulting in the generation of oleogels (Marangoni & Garti, 
2011; Weiss, 2006). Due to the specific way sterol fibers stack, they are helical (Pernetti et 
al., 2007). Under the polarizers of polarized light microscope, the twisting of helical fibers 
result in bright and dark areas of crystalline aggregates (Marangoni & Garti, 2011). 
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Microstructures of POs were influenced by cooling rates. Fast cooling rate resulted in 
low activation energy of nucleation, leading to larger numbers of nuclei that translated to 
larger numbers of small crystalline aggregates (Rogers, 2011; Rogers, Bot, Lam, Pedersen, & 
May, 2010).  Rogers stated that the sterol fiber tended to grow on nuclei, and when there was 
a limitation of nuclei, the sterol crystals grew upon each other and led to larger and more 
complicated spherical crystals (2011). Slow cooling rate led to high activation energy of 
nucleation, resulting in limited numbers of nuclei that forced the crystalline materials to grow 
on each other and form developed, large, thick crystalline aggregates. This behavior of POs 
was similar to that observed in fat crystal networks where slow and fast cooling rate resulted 
in large and small crystals respectively (Acevedo, Block, & Marangoni, 2012; Acevedo & 
Marangoni, 2010; Kaufmann, Andersen, & Wiking, 2012; Martini, Herrera, & Hartel, 2002). 
On the other hand, previous studies on POs showed the presence of thick and large 
crystalline aggregates when sterol fibers had limited growth site to grow on due to the lack of 
nuclei, and they were forced to grow on each other. This phenomenon takes place when the 
activation energy of nucleation in the system is high. On the contrary, lower activation 
energy of nucleation provided larger number of nuclei for sterol fiber to grow and form small 
crystalline aggregates (Rogers, 2009, 2011; Rogers et al., 2010; Rogers, Wright, & 
Marangoni, 2008a).  
In previous studies, PO characteristics were found to be dependent on sterol 
concentration and the ratio between GO and BS (Alamprese, Ferrari, Rossi, Lucisano, & 
Mariotti, 2013; Rogers et al., 2008a; Sawalha, Venema, Bot, Flöter, & Linden, 2011). It can 
be observed in Figure 3.1 that with higher proportions of sterol mixture, there were more 
solid materials that allowed growth and expansion of the crystalline network. Higher 
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amounts of GO and BS resulted in more crystalline structures, and higher GO to BS ratio 
resulted in smaller crystalline aggregates due to the higher population of nuclei of crystals 
formed. Higher amount of GO lowered the activation energy of nucleation which allowed 
formation of larger numbers of stable nuclei on which prevented the growth of large and 
thick crystals and resulted in high population of small crystalline aggregates (Rogers, 2011; 
Rogers et al., 2010). In contrast, there was a lack of stable nuclei in samples with lower 
amounts of GO due to the high activation energy of nucleation, which forced the crystalline 
materials to grow on each other and led to developed, large and thick crystalline aggregates 
(Rogers, 2011; Rogers et al., 2010). Therefore, oleogels with high amounts of GO presented 
small crystalline aggregates compared to the large and complicated aggregates observed in 
oleogels with low GO quantities.   
 
Opacity 
The influence of sterol concentration and BS:GO ratio on the opacity of POs has been 
analyzed in a previous study (Nguyen, 2015). However, the opacity of PO was found to be 
affected by the cooling rates during gelation as well. Across all sterol concentrations and 
GO:BS ratios, faster cooling rates resulted in higher oleogel transparency evidenced by both 
visual observation and instrumental measurement. Stated above, these findings can be 
explained by the effect of cooling rate on the growth of crystalline structures. At slower 
cooling rate, sterol crystalline materials grew and developed to form larger and denser 
crystalline aggregates. Slower cooling rate resulted in higher activation energy that limits the 
growing sites for sterol fibers and cause them to grow on each other and form thicker 
crystalline structures. The consequences of thick, large, and intricate crystalline aggregates 
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were the high diffraction and absorption of light which led to opaque POs. On the other hand, 
faster cooling rate resulted in low activation energy of nucleation; leading to larger numbers 
of small crystalline structures. Thus, microstructure composed of smaller crystalline 
aggregates allowed light to penetrate, resulting in transparent oleogels (Figure 3.2). The 
significant differences (p < 0.05) found in the opacity values at different cooling rates 
confirmed the visual examination of POs, shown in Figure 3.3. The analysis of the results 
showed that there was a decrease ranging from 9 to 25% in oleogels opacity when the 
cooling rate during preparation changes from 2 to 20C/min.  
 
Small deformation rheology 
Rheology is a method used to determine the mechanical properties of materials. 
Storage modulus (G’) and yield stress (σ*) values were obtained from small deformation 
rheology. Results of G’ and σ* values of POs prepared at different cooling rates are 
presented in Figure 3.4.  
Despite the fact that microscopic structure and the opacity of POs presented similar 
behaviors to those of fats when different cooling rates were applied, results from rheology 
showed differences. POs split into 2 groups of behaviors: POs high in BS displayed the 
behaviors of fat, and POs high in GO showed the behaviors of oleogel. These findings can be 
explained by the different microstructure prevalent at different GO:BS ratios. 
POs high in BS (1GO:9BS) showed the behaviors of fat. Stated by the literature, BS 
formed crystals in oil (BM, 1986; den Adel, Heussen, & Bot, 2010). POs at 1:1 molar ratio of 
sterol mixture (weight ratio of 1.5GO:1BS) were considered the most ideal with the highest 
in nucleation, gelation, firmness and melting point (Bot, den Adel, & Roijers, 2008). 
Compared to the ideal ratio (1.5GO:1BS), POs high in BS (1GO:9BS) contained an excess 
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amount of B and led to the dominant of fat crystals in the crystalline system of those POs. 
Therefore, POs high in BS expressed the behaviors of fat. Similar to fat, fast cooling rate 
resulted in high G’ and σ* values which indicated harder and stronger POs due to the 
compact of the crystalline structures. These rheology results were in line with the results 
from DIC microscopy and opacity analysis. As explained above, POs at fast cooling rate 
displayed the microstruture of small crystalline aggregates which allowed the tight packing 
of the gel network that led to high mechanical properties of the POs. 
In contrast, POs high in GO (1GO:4BS) displayed the behaviors of oleogel. As 
mentioned, the optimal ratio of POs was 1.5GO:1BS; compared to 1GO:9BS, the ratio of 
1GO:4BS was closer to the optimal ratio. Thus, POs high in GO (1GO:4BS) carried more PO 
behaviors. With high GO, POs prepared using fast cooling rates showed lower G’ and σ* 
values while POs prepared at slow cooling rates resulted in high G’ and σ* values which 
indicated harder texture and stronger gel. As showed by DIC images, POs at slow cooling 
rate were characterized by microstructure of developed, large and thick crystalline 
aggregates. As proven by the literature, the large and thick crystalline materials in POs were 
resposible for the hardness of the gel. Slow cooling rate allowed time for the crystalline 
materials to fully developed and organized that resuled in stronger and harder POs (Rogers et 
al., 2008a; Rogers, Wright, & Marangoni, 2008b, 2009).  
These results corresponded with previous studies performed by Rogers et al. who 
studied 12-hydroxystearic acid oleogels. Rogers and his team stated that slow cooling rate led 
to long and thick fibers which created more complicated crystalline materials. The thick and 
complex crystals increased the hardness of the gel network (2008a, 2008b, 2009). 
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Oil loss and oil migration 
Oil migration (OMG) is a method to study the oil binding capacity of a system over 
time. Low oil migration values indicated samples with high stability and structural integrity, 
as samples are able to entrap and retain more oil inside the network for a long period of time 
(Dibildox-Alvarado et al., 2004). Figure 3.5 shows the OMG results for all the POs 
compositions prepared at different cooling rates. These results once again confirmed the 
dependence of POs on the sterol concentration as well as the ratio of GO to BS. As reported 
in previous studies, combinations with higher sterol concentrations and higher ratio of GO to 
BS yielded lower oil migration values which indicated more stable POs withstronger gel 
networks (Nguyen, 2015). All combinations of POs shared the same trend of oil migration. 
The curves were steep at the beginning, indicating initial rapid oil migration, and then the oil 
migration decreased and finally reached a plateau (Nguyen, 2015).  
OMG results confirmed the results from rheology method; POs was divided in two 
groups of behaviors: fat and oleogel. POs high in BS behaved as fat and resulted in low OL 
values at fast cooling rate (Figure 3.5 A and C), which indicated better oil binding capacity, 
stronger gel network, and harder texture. Similar to fat, fast cooling rate resulted in low OL 
value, indicating better oil binding capacity due to the high generation of nuclei during 
crystallization that translated to large numbers of small crystalline structures. This led to a 
more packed network that could bind oil more effectively (Acevedo et al., 2012; Acevedo & 
Marangoni, 2010; Kaufmann et al., 2012; Martini et al., 2002). On the other hand, oil loss 
values increased with the decrease of cooling rate during crystallization, implying a weaker 
oil binding capacity of the gel matrix due to the lack of nucleation that led to the presence of 
developed, thick, and large crystalline structures. These oil binding behaviors of POs high in 
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BS were in line with the results from DIC microscopy, opacity analysis, and rheology. 
Referring to rheology results for this group of POs, fast cooling rate resulted in high G’ and 
σ* values indicated harder and stronger POs which were able to entrap and retain oil in the 
gel network better.  
POs high in GO acted as oleogels and yielded high OL values at fast cooling rate 
(Figure 3.5 B and D). On the other hand, slow cooling rate resulted in low OL values which 
indicated better oil binding capacity of POs. As shown by DIC images, POs at slow cooling 
rate were represented by the microstructure of develop, large, and thick crystalline 
aggregates. Slow cooling rate allowed crystalline materials to fully develope and organize, 
leading to rigid structure of POs. As confirmation, rheology results for this group of samples 
displayed low G’ and σ* values at fast cooling rate, meaning softer and weaker POs which 
did not effectlively entrap and retain oil in the gel network. 
Similar to fat, fast cooling rate resulted in low OL value, indicated better oil binding 
capacity, due to the high generation of nuclei during crystallization that translated to large 
numbers of small crystalline structures, led to more packed network and could bind oil more 
effectively (Acevedo et al., 2012; Acevedo & Marangoni, 2010; Kaufmann et al., 2012; 
Martini et al., 2002). On the other hand, oil loss values increased with the decrease of cooling 
rate during crystallization, implying a weaker oil binding capacity of the gel matrix due to the 
lack of nucleation that led to the presence of developed, thick, and large crystalline 
structures. These oil binding behaviors of POs high in BS were in line with the results from 
DIC microscopy and opacity analysis. 
To further study the stability of POs at different cooling rates, oil migration rate 
(OMG rate) and final OL values were calculated (Figure 3.6). The results show that 
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compositions with high BS possessed fat-like behaviors. The fat crystalline network could 
effectively entrap and retain liquid oil at faster cooling rates, indicated by slower OMG rate 
and lower final OL. POs with high GO resembled oleogels. At a slow cooling rate, there was 
limited nucleation which led to the growth of larger and intricate crystalline aggregates 
which were in turn essential to build the gel network. Thus, a strong gel network was 
generated with optimal ability to entrap and retain liquid oil.  
The results obtained in this study contradicted the conclusion reported by Rogers et 
al.  According to this author, the long fibers generated at slow cooling rates interact with each 
other and lead to a porous open structure, which resulted in the syneresis of oil. However, in 
his studies, Rogers et al. used different types of gelators (12 hydroxystearic acid) which may 
have affected the ability to retain oil in the gel network. In addition, those studies of oil 
binding capacity was over a short period of time (1 day) (2008b, 2009). Results of the final 
OL and OMG in this study were collected over the period of 42 days. Thus, these results 
were different than the literature as this study focused on the long term and provided a 
comprehensive view of the capacity of the system to hold the oil. 
 
Differential scanning calorimetry 
Melting peaks of POs were obtained from differential scanning calorimetry (DSC) 
(Table 3.1). Previous studies stated BS had a melting point temperature (Tm) of 136°C, and 
GO of 137°C (Patel & Naik, 2004). Tm of POs ranged from 61-84°C. Tm of PO compositions 
was higher than Tm of pure soybean oil and lower than pure BS and GO. It has been 
previously demonstrated that dilution with liquid oil promotes a shift of the melting 
temperature towards lower melting points (Ahmadi, Wright, & Marangoni, 2008; Maleky, 
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Acevedo, & Marangoni, 2012). Results showed that changes in cooling rate induced 
modifications to the POs’ Tm due to the change in crystalline structures. An increase in Tm 
was observed when POs high in GO (which behaved like oleogels) were cooled at slow 
cooling rates. High Tm indicated POs were more stable under heating condition. As 
explained, slow cooling rate allowed crystalline materials to fully develop and organize, 
leading to the greater stability of POs high in GO. These results are in line with results from 
DIC, rheology, and OMG. At slow cooling rate, POs high in GO were characterized by small 
crystalline aggregates, hard and strong gels, and effective oil binding capacity. In contrast, 
Tm decreased with slow cooling rate in POs with high BS (which behaved like fats) due to 
the presence of large crystals that led to less stable “fat” network (Acevedo et al., 2012; 
Acevedo & Marangoni, 2010; Kaufmann et al., 2012; Martini et al., 2002). Low Tm indicated 
POs were less stable under heating condition. At slow cooling rate, POs high in BS also 
displayed the characteristic of small crystalline structures, soft and weak gels, and poor oil 
binding capacity, which agreed with the less stability under heat condition of POs. The 
cooling rates did not have any significant effect on the Tm of 15% (1GO-4BS) phytosterol 
oleogels. 
 
Proton-nuclear magnetic resonance spectroscopy 
1H NMR was used to study the solid fat content (SFC) profile of POs. Results from 
SFC gives further insight about the integrity of the gels. SFC was dependent on sterol 
concentration, as oleogels with higher sterol concentrations presented higher SFC value 
(Figure 3.7). These results are parallel with SFC analysis in the previous study (Nguyen, 
2015). Along with higher SFC, melting profiles were extended in samples with greater 
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proportions of phytosterols. However, cooling rates did not have an effect on the SFC and 
melting profiles of the POs. These results are in line with a previous study conducted by 
Rogers et al., in which the SFC of candelilla wax oleogels was not affected by the application 
of different cooling rates during production (2014).  
 
Conclusion 
Application of different cooling rates affected the microscopic and macroscopic 
characteristics of POs. Fast cooling rates generated abundant nucleation and resulted in 
oleogels with a large amount of small crystalline aggregates in the crystalline network. In 
POs high in GO, the generated small crystalline structures contributed to better stability, 
higher mechanical properties, superior transparency and extended SFC profiles. In contrast, 
in oleogels with higher BS concentrations, slow cooling rates induced large and thick 
crystalline aggregates which resulted in higher mechanical properties, greater stability, 
minimal transparency, and higher melting temperatures. Both cooling rate and the ratio of 
GO to BS affected the behaviors of POs. The results from this study proved that certain 
characteristics can be modified with changes in cooling rates and the proportion of BS to GO 
total phytosterol concentrations.  
The incorporation of high amounts of BS in POs presents health benefits of reducing 
blood cholesterol and anti-inflammatory effects. However, POs need to carry similar 
behaviors as commercial partially hydrogenated oils in order to be an acceptable substitute.  
From the results of this study, it can be proposed that cooling rate and ratio of GO and BS 
can be utilized interchangeably to construct POs with high BS and still possess desired 
characteristics of commercial partially hydrogenated oils. 
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Table 3.1  Melting temperatures (Tm) of POs at 15% and 20% sterol 
concentration prepared using cooling rates of  2°C, 5°C and 20°C/min. 
Different letters assigned to each bar represent statistically significant 
differences between the values across all of the samples (p < 0.05). 
 
Sample Cooling Rate (°C) MP (°C) 
15 (1GO:9BS) 
2 61.63f ± 4.32 
5 69.36ef ± 2.37 
20 73.3bcde ± 2.78 
15 (1GO:4BS) 
2 71.05de ± 0.84 
5 72.63cde ± 0.78 
20 73.80bcde ± 1.31 
20 (1GO:9BS) 
2 69.07ef ± 3.33 
5 79.47abc ± 4.44 
20 80.91ab ± 1.27 
20 (1GO:4BS) 
2 84.99a ± 0.72 
5 79.85ab ± 0.65 
20 76.90bcd ± 1.47 
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Figure 3.1  Micrographs obtained by DIC microscopy showing the microstructure of the 
prepared POs. Gelation was induced at cooling rates of 2C/min (left), 5C/min (middle), and 
20C/min (right).  
 
 
 
Figure 3.2  POs at 15% and 20% sterol concentrations cooled at 2°C, 5°C, and 20°C/min. 
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Figure 3.3  Opacity values of POs at 15% and 20% sterol concentrations prepared with 
cooling rates of 2°C, 5°C, and 20°C/min. Different letters assigned to each bar represent 
statistically significant differences between the values across all of the samples (p < 0.05). 
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Figure 3.4  Storage modulus (G’) and yield stress (σ*) values of POs at 15% and 20% sterol 
concentration cooled at 2°C, 5°C, and 20°C/min. Different letters assigned to each bar 
represent statistically significant differences between the values across all of the samples (p 
< 0.05). 
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Figure 3.5  Oil migration (OMG) curves of POs at 15% and 20% sterol concentration cooled 
at 2°C, 5°C, and 20°C/min. Different letters assigned to each bar represent statistically 
significant differences between the values (p < 0.05). 
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Figure 3.6  Oil migration rate (OMG rate) values and final oil loss (OL) values of  POs at 
15% and 20% sterol concentration cooled at 2°C, 5°C, and 20°C/min. Different letters 
assigned to each bar represent statistically significant differences between the values across 
all of the samples (p < 0.05). 
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Figure 3.7  Solid fat content (SFC) profiles of POs at 15% and 20% sterol concentration 
cooled at 2°C, 5°Cm and 20°C/min. 
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CHAPTER 4 
CONCLUSION AND FUTURE WORK 
 
Conclusion 
Phytosterol oleogels (POs) with high sterol mixture concentration formed solid gels. 
PO properties were different depending on sterol concentration, ratio of GO to BS, and 
cooling rates. Depending on the composition, some of the POs were very soft and were not 
analyzed for rheology and OL method [10 (1GO:19BS) and 10 (1GO:9BS)]. All POs 
displayed similar crystalline structures which were characterizing by crystalline aggregates 
organized outward from the center. The morphology of these POs was also reported by 
previous studies.1-3 This research confirmed and expanded the knowledge from literature that 
POs were dependent on sterol concentration, ratio of GO to BS, and cooling rates.1-9 
In the first experiment, POs with high sterol concentration and GO resulted in lower 
OMG rate and final OL values, as well as higher G’ and σ* values, demonstrating higher oil 
binding capacity and stronger gel network. Results corresponded with the literature, 
specifically the principles of PO formation and its characteristics. PO was formed based on 
the stacking of GO and BS.9 When both GO and BS were present in comparable amounts, 
there were more materials to build gel network. Furthermore, this experiment proved the 
importance of GO in POs, as changing the ratio of GO to BO dramatically affected the 
microscopic and macroscopic structure. Pure GO which had small and flat plate-shaped 
crystals2 while pure BS showed large, shiny, and spherulic-shaped crystals.2, 3 POs high in 
GO displayed microstructure of small crystalline aggregates due to the low activation energy 
of nucleation. Oppositely, POs high in BS presented microstructure of developed, large and 
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thick crystalline aggregates resulted from the high activation energy of nucleation. The 
transparency of POs was also influenced by the amount of GO. As stated in previous studies, 
the feruric portion of GOs spaced out the gel network and allowed light to pass through, 
leading to the increase in transparency of POs.6, 9  
In the second experiment, it was observed that cooling rates had an important 
influence on the properties of POs. This experiment also confirmed the dependence of 
organogel properties on sterol concentration and ratio of GO to BS found in the first 
experiment. Though the results from DIC microscopy and opacity showed the same trend for 
all POs, other analyses showed different trends, depending on the cooling rate. For all 
composition of POs, slow cooling rate resulted in larger and more complex crystalline 
aggregates as well as an increase in gel opacity. This indicated that with slow cooling rate, 
there was little nucleation which allowed more time for crystalline materials to fully develop 
into large, complex crystalline structures.1, 2, 10-13 The thick and dense crystalline materials 
allowed for diffraction of light leading to the high opacity of all POs. With rheology, OMG, 
and SFC analysis, POs were separated into two groups. At slow cooling rate, POs high in GO 
displayed the same behavior as oleogels. Larger and more complicated crystalline structures 
from slow cooling rate indicated stronger gel network with higher G’ and σ*,14, 15 better oil 
binding capacity with lower OMG and OL values, and greater stability with higher Tm. In 
contrast, POs high in BS had the characteristics of fats. Larger crystalline materials from 
slow cooling rate led to the weak, soft, and less stable of POs, indicated by small G’ and σ*, 
high OMG and OL values, and low in Tm, respectively.
10-13 Cooling rates did not appear to 
have any effect on SFC of POs.  
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Across all formulations of POs in this research, the amount of phytosterol 
incorporated in POs ranged from 0.8 to 2.7 g per serving (based on the serving size of 
commercial butter which is 14 g per serving). From both experiments, some compositions of 
POs,  contained phytosterol amount ranging from 1.1 to 2.5 g per serving which fulfilled the 
recommendation intake for phytosterols in order to reach the benefits of reducing blood 
cholesterol (1 to 3 g of phytosterols per day), showed comparable mechanical properties to 
commercial shortenings which had G’ values of 1-2 MPa and σ* values under 800 Pa.16 
These results are important, as the purpose of this projects was to create a healthy cooking 
alternative that can replace commercial partially hydrogenated oils. The POs created in this 
study were high in phytosterol and would be an excellent source of phytosterol, fulfilling the 
requirement to reach the health benefits of reducing blood cholesterol and having anti-
inflammatory effect.17-19 The POs also had comparable mechanical properties to commercial 
shortening, and overall, is a promising system for a healthy alternative to partially 
hydrogenated oils. 
 
Future Work 
Despite the potential of POs, future work and more knowledge is essential to create a 
PO system that can perform all the functionalities of and can completely substitute partially 
hydrogenated oils. More trials of POs with broader range sterol concentration and GO:BS 
ratio along with different cooling rates can be constructed look for optimal compositions in 
rheological properties, ideal thermal profile, and great oil binding capacity. Shear rates can 
also be applied during cooling process to influence the changes in properties of POs. Also, 
microDSC can be used to obtain accurate thermal behavior of POs. Cryo-Transmission 
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electron microscopy is necessary to have a better and closer observation of sterol fibers and 
how they aggregate and arrange among themselves. Morphology of POs can also be 
determined using small angle X-ray diffraction. 
Sensory studies of POs in food products would be beneficial as well. It is critical that 
POs share comparable sensory characteristics to partially hydrogenated oils in food such as 
confectionary, baking and frying products. 
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